Introduction
The oceans and seas are the ultimate sink for most pollution, largely because of their huge volume and assimilating capacities. No place in the world's seas is immune from pollution, as ocean currents transport pollutants to the far corners of the world. Coastal waters act as a natural buffer zone due to their intermediate position between the deep sea and human activities on land. In recent years, interest in environmental issues, in particular, in the preservation of water quality in coastal regions, has steadily increased. Here we consider the nearfield dilution of industrial effluent discharged by a coastal outfall. We attempt to evaluate the environmental risk associated with the discharge of effluent into seabed sediments in the case of a buoyant effluent, which is less dense than the receiving marine water. In reality, bottom sediments can accumulate pollutants in a matter of months and then migrate unexpectedly in response to, for example, storm-driven currents. Under the action of alternating semi-diurnal tidal currents, these movable bottom sediments can be accumulated beneath the diffuser pipe, which causes an obstruction of the interval between the pipe and the sea bottom. The objective of this work is to investigate the distribution of pollutants in the bottom boundary layer (BBL), which is treated to be a layer adjacent to the seabed. In this layer, the flow is affected by the processes occurring at the boundary. Strong gradients of physical, chemical, and biological properties may occur in this layer as well Bowden (1978) . The thickness of the BBL is generally of the order of meters above the seabed. There has been a large amount of work devoted to the study of the BBL and sediment dynamics on the shoreface, e.g., Holmedal et al. (2003) , Kim et al. (2000) and Styles et al. (2000) . We study the BBL dynamics in the near-field of a multiport ocean outfall with submerged buoyant jets discharging in the vicinity of the sea bottom into the ambient flows. Special attention is given to the problem of interaction between the effluent plume and the sea bottom. We intend to determine the conditions for bottom attachment (Coanda attachment) by analyzing the ambient flow and discharge characteristics. Fig. 1 . Schematic description of the multiport ocean outfall (the current direction being parallel to the mean shoreline and perpendicular to the diffuser; the discharge jets from circular ports are vertical)
Two main configurations are considered, when the interval under the diffuser is empty or filled by removable bottom sediments. The first case corresponds to the nominal configuration, the second one would simulate the risk of sediment accumulation under the diffuser due to alternate semi-diurnal tidal currents (the pipe behaving as a barrier). For both cases we carry out the numerical simulation of the pollution of coastal waters from a point source which corresponds to one port (circular opening with a diameter d) of the ocean outfall diffuser. The diffuser pipe has a circular section of diameter d at the height L from the seabed. We consider a buoyant effluent which is discharged vertically at average velocity. The velocity of the ambient current is denoted V . Diffuser characteristics are tube of constant diameter: 70 cm (external); 60 cm (internal); unidirectional multiport system (200 holes of diameter 40 mm, spaced at intervals of 5 m); vertical discharge; at a height y = 1.20 m from the seabed. The discharge velocity of the effluent, which depends on the mass flow rate and decreases along the diffuser; the mean values are 0.50 m s −1 , 1.35 m s −1 , 3.00 m s −1 .
Mathematical model
To get a realistic near-field distribution of pollutant a nonlinear 3-D unsteady approach is needed. We implement Reynolds-averaged Navier-Stokes equations: Here, ρ is the density, x i are coordinates (we use Cartesian coordinate system), u i are the velocity components, µ is the kinematic viscosity, µ t is the turbulent viscosity. The turbulence kinetic energy k and rate of its dissipation ε are obtained from the following transport equations:
k . In these equations, G k represents the generation of turbulence kinetic energy due to the mean velocity gradients G k = µ t S 2 , where S is the modulus of the mean strain rate tensor, defined as S = 2S ij S ij , S ij = 1 2
, G b is the turbulence kinetic energy due to buoyancy, which is calculated as
i.e. taking into account the dependence of the density on temperature and concentration, β is the thermal expansion coefficient, µ st is the parameter of density stratification due to the concentration, Pr t is the turbulent Prandtl number, g i is the component of the gravitational vector in i-th direction; G 1ε , C 2ε , and C 3ε are constants, σ k and σ ε are the turbulent Prandtl numbers for k and ε, respectively. The turbulent viscosity µ t is computed as µ t = ρC µ k 2 /ε, where C µ is a constant. The model constants Pr t , G 1ε , C 2ε , C µ , σ k and σ ε were taken to have the following values: Pr t = 0.85, C 1ε = 1.44, C 2ε = 1.92, C µ = 0.09, σ k = 1.0, σ ε = 1.3. Turbulent heat transport is modeled using the concept of the Reynolds analogy to turbulent momentum transfer. The "modeled" energy equation is thus written as
where E = ch+ p ρ is the total energy, h = C p T is sensible enthalphy, k eff is the effective thermal conductivity and (τ ij ) eff is the deviatoric stress tensor defined by
where µ eff = k eff Pr /C p is the effective viscosity, effective thermal conductivity is given by κ eff = κ + C p µ t /Pr t , where κ is the thermal conductivity. The equation of mass transfer is
where diffusion parameter D t describes turbulent mass transfer. The dependence of density on temperature and concentration is defined according to the linear law
where ρ 0 , T 0 , c 0 are the density, temperature and concentration of the sea water.
Boundary conditions
We set the no-slip condition, zero mass flux condition and fixed temperature on the rigid boundaries (seabed and pipe surface):
At the pipe exit (port) we impose the constant ejection velocity (vertical), pollutant concentration and temperature of the discharged liquid:
At the entrance of computational domain we impose the velocity of ambient current, in which the z-component (perpendicular to the outfall axis) is the only non-zero component depending on the vertical coordinate V = {0, V (y) , 0}; the concentration and temperature are set equal to the background temperature and background concentration of pollutant in the sea water.
The conditions on the other boundaries of the computational domain are
Accounting for the bottom boundary layer (BBL)
Since a multiport diffuser is placed near the seabed (i.e., in the bottom boundary layer), it is important to analyze the effect of the ambient BBL dynamics. For that purpose, we consider two types of the vertical profile for a steady ambient current V (y): (a) constant in y (i.e., without BBL effect), and (b) a logarithmic profile of the ambient velocity: 
Numerical results

Nominal configuration (surelevated pipe)
Let us consider the case where the velocity of the ambient current is steady.
The steady case (with and without BBL effect)
We first examined the nominal configuration (surelevated pipe; Fig. 2 ). The calculations for this configuration were performed for ambient current speed varied from V = 0.1 = m s −1 to V = 0.6 m s −1 . An example of plume development in zdirection is presented in Fig. 3 Fig. 3 ). The jet deflects in the direction of the crossflow. Additionally, a pair of counter-rotating vortices is generated.
In Figs. 8 and 9 , we present the pollutant concentration fields in vertical cross sections parallel and perpendicular to the ambient flow obtained numerically for the case with blockage at V = 0.15 m s −1 and V = 0.25 m s −1 with and without taking into account the BBL formulation.
For a higher speed of ambient current Fig. 5 , there is an evidence of bottom attachment very similar to the one described by Jirka et al. (1996) and named Coanda attachment, for submerged buoyant jets discharging in the vicinity of the water bottom into a stagnant or flowing ambient. Two types of dynamic interaction processes have been described by Jirka et al. (1996) that lead to rapid attachment of the effluent plume to the water bottom. These are wake attachment forced by the receiving water's crossflow or Coanda attachment forced by the entrainment demand of the effluent jet itself. The latter, which is due to low pressure effects as the jet periphery is close to the water bottom, is schematically shown in Fig. 6 . For the logarithmic velocity profile, the effect of bottom attachment is more pronounced than in the case of constant velocity; the bottom attachment by the pollutant spot occurs at smaller distance from the discharge point.
Configuration with deposit under the pipe (blockage effect)
The configuration examined above is idealized. In reality, the bottom sediments can be accumulated under the pipe due to the alternate semi-diurnal tidal current, as the pipe constitutes a barrier to the bottom sediment transport. To analyze this case we introduced a new configuration with a rigid wall under the pipe (Fig. 7) . Let us first discuss the results obtained with blockage at the constant ambient velocity profile. The simulations show that in this case a vortex is created in the pollutant wake behind the pipe, which leads to a shift of plume towards the bottom (the plume attaches the bottom just behind the pipe) (Figs. 8a -9a ). The existence of pollutant wake behind the pipe is caused by the reverse flow arising in the wake of solid obstacle. This reverse flow promotes accumulation of the pollutant under the pipe that is why, if the pollutant accumulation mechanism is switched on, it will be self-amplified. In the case of the logarithmic velocity profile, accumulation of pollutants near the bottom also takes place; the pollutant spot at the bottom occupies the area larger than in the case of the constant ambient velocity profile. distances from the bottom. This is attributed to the fact that, in the case of the logarithmic ambient velocity profile, the vortex created just behind the blockage has higher intensity and occupies the greater area. As in the case of the constant velocity profile, this vortex shifts the pollutant plume downward.
The unsteady case (tidal effect)
Consider now a situation where the ambient current is timedependent: the coastal current is parallel to the shoreline and is driven alternatively by a semi-diurnal tide (T = 12 h 25 min = 44 700 s). This ambient current is still assumed to be perpendicular to the outfall; it is also assumed to be periodical in time as follows: V (y, t) = −V (y)sin(2π t/T ), where V (y) corresponds to the BBL formulation mentioned above. Both configurations, with and without blockage, have been analyzed. The longitudinal pollutant distribution has been computed for several cycles. The results presented below are given for four instants of a well-established cycle (Figs. 10, 11 ). We chosen instants for which the inlet velocity of the sea current is successively equal to 0.15, 0.25, 0.35, and 0.45 m s −1 . Each set of figures contains a vertical cross section, and a few top views at different distances above seabed. All the calculations are realized with the BBL formulation.
In the case without blockage, the top views for the distances from the bottom 0 m and 0.5 m are not shown, since they would be completely blue with the concentration being lower than 2.5 · 10 −4 wt %. In both situations (without and with blockage), the numerical simulations show that, for a semi-diurnal periodic ambient current, the plume will attach the sea bed at some time intervals during which the current is of the order of 0.25 m s −1 as in the steady case. The plume impact is more important in the case with blockage. 
General discussion about bottom attachment mechanisms: effect of L and w
Here, according to the kind suggestion of one referee, a generalization of results of simulations is attempted to determine range of parameters when effluent is attached to bottom. In addition to the effect of the ambient flow velocity, V , we consider the effects the height of the pipe, L, and the effect of discharge velocity, w, on the longitudinal evolution of the pollutant concentration at the seabed. These effects are considered in the case of a steady ambient flow, with different velocities V ranging from 0.25 m s −1 to 0.55 m s −1 . The effect of the pipe height, is shown in Fig. 12 , for a discharge velocity w = 1.35 m s −1 . It can be seen that a substantial pollutant concentration is found at a shorter distance of the pipe when L is decreased from L = 0.5 m to L = 0.25 m (Fig. 12b) . That means that in the case of when the height of the pipe is too small, a maximum of the pollutant concentration at the seabed has to be expected at a very short y-distance of the pipe. This is coherent with the situation observed in the of blockage (Fig. 12c) , which is worse. In addition, we observe that the pollutant concentration at the bottom is found to be higher for the lower velocity of the ambient flow. The effect of the discharge velocity, w, is shown in Fig. 13 , for L = 0.5 m. As could be expected, pollutant concentration at the seabed grows with the increase of w (steady case). 
Nonlin. Processes
Conclusions
Determination of the risk of benthic pollution in the nearfield of the diffuser is an important environmental issue. A high risk of such pollution exists because the plume impacts the seabed, where bottom sediments (sand, silt, etc.) can accumulate pollutants in a matter of days or months. Moreover, the contaminated sediments can be moved away by water from the site into other areas under extreme events, e.g., storms. The main results of this paper can be summarized as follows: for the buoyant effluent discharged into the marine environment at a depth greater than 15 m, we can expect a bottom attachment of the plume, even when the effluent density is substantially lower than the receiving sea water (1004 kg m 3 vs. 1024 kg m 3 ). This attachment (Coanda) effect has been exhibited with a simple model in which the ambient current velocity is constant at the upward limit of the computational domain (steady approach). In the case where ADCP measurements are available, we may use BBL formulation for the ambient current; in this case the bottom attachment is observed as well. In the case of blockage under the diffuser pipe, this effect of bottom attachment has been found to be much more pronounced. When the height of the pipe (without blockage) is reduced (from 0.5 m to 0.25 m) a maximum of the bottom concentration occurs at a very short y-distance of the pipe. This is coherent with our results in the case of blockage. The longitudinal evolution of the pollutant concentration at the seabed has been evaluated for different discharge velocities; the bottom concentration increases with w. We have performed calculations using the time-dependent approach that takes into account the tidal effect (sinusoidal approximation). The obtained results confirm the main features obtained in the case of a steady state model, and in particular the fact that the Coanda attachment effect is more pronounced in the case of blockage under the diffuser pipe. In the case of blockage, or in the case of when the height of the pipe is too small, a maximum of the pollutant concentration at the seabed has to be expected at a very short y-distance of the pipe. This means that, in the near-field of the diffuser, the benthic materials (sand, silt, etc.) will accumulate pollutants in a matter of days or months, and then under different extreme events (storms) these contaminated sediments could move to more vulnerable sites. Calculations have indicated that such an impact becomes possible when the ambient current reaches about 0.25 m s −1 .
